Homology is perhaps the most central concept of phylogenetic biology. At difficult to resolve polytomies that are deep in the Tree of Life, a few homology errors in phylogenomic data can drive spurious phylogenetic results. Feijoo and Parada (2017) assembled three phylogenomic data sets for mammals and reported methodological discrepancies and unexpected results that contradict the monophyly of well-established clades in Pinnipedia and Yangochiroptera. Examination of Feijoo and Parada's (2017) data sets reveals extensive homology errors (paralogous sequences, alignments of different exons to each other) and cross-contamination of sequences from different species. These problems predictably result in distorted estimates of gene trees, species trees, bootstrap support, and branch lengths. Correction of these errors resulted in robust support for conventional relationships in Pinnipedia and Yangochiroptera. Phylogenomic data sets are not immune to the problems of homology errors in sequence alignments. Rather, sequence alignments underlie all inferences in molecular phylogenetics and evolution and should be spot-checked for obvious errors via manual inspection of alignments and gene trees.
Introduction
Phylogenomic data sets have become increasingly popular for addressing questions in higher-level mammalian systematics (dos Reis et al. 2012; McCormack et al. 2012; Shaw et al. 2012; Song et al. 2012; Kumar et al. 2013; Romiguier et al. 2013; Mason et al. 2016; Tarver et al. 2016) . By contrast with studies based on one or a few genes that have limited statistical power for resolving short internodes in the Tree of Life, phylogenomic studies have the potential to reduce stochastic errors and provide robust resolution of challenging polytomies (Rokas et al. 2003; Delsuc et al. 2006 ). However, phylogenomic data have their own attendant problems.
Importantly, different data sets and/or different analyses of the same phylogenomic data set sometimes result in well-supported topological conflicts (e.g., Chiari et al. 2012; Simmons and Gatesy 2015) . Multiple factors can drive robust incongruence in genome-scale phylogenetic studies. Concatenation (= supermatrix) methods can fail to reconstruct an accurate species tree due to incomplete lineage sorting (ILS) (Degnan and Rosenberg 2006; Rosenberg and Tao 2008) , incorrect specification of the substitution model(s) (Sullivan and Swofford 1997) , long-branch misplacement (Bergsten 2005) , and/or heterotachy (Kolaczkowski and Thornton 2004; Philippe et al. 2005) . Coalescence methods, in turn, may fail if underlying assumptions (e.g., all gene tree heterogeneity results from ILS, no recombination within coalescence genes, no selection) are violated (Patel et al. 2013) . Concatenation and coalescence methods can both fail if sequence alignments are sufficiently poor, because such alignments are the basic data that underlie inference of gene trees as well as estimation of the species tree (de Queiroz and Gatesy 2007; Edwards 2009 ).
In the early days of molecular systematics when data acquisition was based on PCR and Sanger sequencing, it was standard practice to manually screen out paralogous loci and to curate alignments of orthologous gene sequences "by eye" (Philippe et al. 2017 ). However, with the advent of high-throughput sequencing, researchers commonly trust computer scripts to annotate genes, process genomic sequences, and output huge data sets comprised of putative one-to-one orthologs from genomic assemblies or short-read data from RNA-Seq libraries. This task is especially challenging for protein-coding sequences that are comprised of discontiguous exons that are separated by introns, especially when exons are very short and introns are very long. A reliable automated pipeline for delivering high-quality alignments of protein-coding sequences is a worthwhile goal, but given extensive divergence among genomes, alternate splicing of exons, and incomplete genomic assemblies, an automated approach can yield extensive errors. Cross-contamination, editing errors, paralogous sequences, alignments of different exons to each other, and alignments of exons to introns have been identified in various published phylogenomic data sets composed of protein-coding genes (Springer and Gatesy 2016; Brown and Thomson 2017; Philippe et al. 2017; Shen et al. 2017 ). These problems can be solved by first searching for correct one-to-one orthologous sequences in genome assemblies or Sequence Read Archive (SRA) databases and then fixing the initial, automated assembly of the phylogenomic data set. Such "homology errors" are not due to local shifts in positional homology, but instead are driven by including segments of sequence that are not orthologous, by excluding segments of orthologous sequence from some species, by not discerning paralogs, or by crosscontamination of sequences from different species.
We have previously called attention to problems with Song et al.'s (2012) phylogenomic data set (447 loci, 36 mammals), including 26 loci for which nonhomologous exons (and sometimes introns) were aligned against each other (Springer and Gatesy 2016) . This data set is based on protein-coding sequences that were downloaded from the OrthoMam v6 database (Ranwez et al. 2007 ) and then aligned with Gallus gallus (chicken) out-group sequences (Song et al. 2012) . Despite the fact that key relationships and branch support values were impacted by homology problems in this data set (Springer and Gatesy 2016) , Edwards et al. (2016) argued that manual curation of alignments is not sustainable in the phylogenomics era and Edwards (2016) has continued to utilize a version of Song et al.'s (2012) data set that is replete with homology errors.
Recently, Feijoo and Parada (2017) built directly on the phylogenomic groundwork of Song et al. (2012) , Edwards et al. (2016), and Edwards (2016) by utilizing publicly available sequence data to help resolve difficult polytomies in higher-level mammalian phylogenetics. Feijoo and Parada (2017) employed 113 of 447 loci (protein-coding sequences) from Song et al. (2012) for which 40 mammalian taxa were available in OrthoMam v8 (Douzery et al. 2014) . Sequences for 19 additional taxa were extracted from SRA-NCBI public databases. Following steps for filtering, trimming, assembling, and annotating (RNA-Seq reads) or mapping directly to reference genomes (genomic DNA short reads), the newly organized data were assembled into three phylogenomic matrices. The primary data set included 95 of the 113 loci (47 taxa, 214,822 bp) Feijoo and Parada (2017) analyzed the three data sets with both concatenation and coalescence methods. However, their application of coalescence methods to complete protein-coding sequences, which are stitched together across regions of the genome that can exceed the actual size of coalescence genes by several orders of magnitude, is best described as a hybrid method, concatalescence, that ignores the fundamental rationale for employing coalescence methods in the first place Springer 2013, 2014; Gatesy 2014, 2016) . Specifically, coalescence methods assume that recombination occurs between individual loci but not within loci. However, this assumption is not reasonable for complete coding sequences. A recent empirical study on ILS in placental mammals supports the view that exons from the same gene do not necessarily share the same genealogy and therefore should not be merged in coalescence analyses (Scornavacca and Galtier 2017) . This criticism aside, Feijoo and Parada's (2017) resulting species trees are generally similar, but they highlighted several notable exceptions. For the Arctoidea dataset (Figure 1 ), five arctoid families were sampled: Ursidae (bears), Mustelidae (weasels), Phocidae (seals), Otariidae (sea lions), and Odobenidae (walrus). Within Pinnipedia (Phocidae + Otariidae + Odobenidae), all three coalescence methods (ASTRAL, STAR, MP-EST) recovered the traditional sister-group relationship between Otariidae and Odobenidae (= Otaroidea) with high bootstrap support (96-100%), whereas both analyses of the concatenated data set (IQ-TREE, BEAST2) recovered a robustly supported Otariidae + Phocidae clade (100% bootstrap, 1.0 posterior probability). This latter result that was obtained with concatenation methods ( Figure 1A ) is overwhelmingly contradicted by previous molecular studies that instead support Odobenidae + Otariidae (Flynn et al. 2005; Arnason et al. 2006; Meredith et al. 2011; Luan et al. 2013; Doronina et al. 2015; Foley et al. 2016) , and implies that supermatrix analyses are flawed, while coalescence analyses are not (Feijoo and Parada 2017) . For the Chiroptera data set (Figure 2 ), the three coalescence methods (ASTRAL, STAR, MP-EST) weakly supported a sister-group relationship between Tadarida (Molossidae) and Taphozous (Emballonuridae) (their Supplementary Figure S1 ), whereas the ML concatenation analysis (IQ-TREE) favored Myotis (Vespertilionidae) sister to Tadarida (Molossidae) with 89% bootstrap support. Of these alternatives, an association of Vespertilionidae and Molossidae to the exclusion of Emballonuridae has received overwhelming and consistent support in previous work on bat phylogeny (Eick et al., 2005; Teeling et al. 2005 Teeling et al. , 2012 Lack et al., 2010; Meredith et al. 2011; Amador et al. 2016; Foley et al. 2016) , which suggests that coalescence methods are inadequate for resolving this trichotomy given the number of loci that were sampled. However, Feijoo and Parada's (2017) Bayesian supermatrix analysis (BEAST2) strongly supported (1.0 posterior probability) the unconventional Tadarida (Molossidae) + Taphozous (Emballonuridae) clade favored by coalescence methods ( Figure 2A ). This is a striking conflict with Feijoo and Parada's (2017) reported ML supermatrix analysis of the same data set and a host of published work. As for relationships within Pinnipedia, Feijoo and Parada's (2017) conflicting phylogenomic results for bats are perplexing and invite further investigation.
Here, we reexamine Feijoo and Parada (2017) and address two key questions pertaining to data set fidelity/quality. First, are Table 1 ) show contrasting relationships within Pinnipedia and large differences in support and branch lengths. Bootstrap percentages for RAxML (above) and IQ-TREE (below) are shown at the conflicting internodes. In (c) and (d), gene trees and partial sequence alignments are illustrated for two alignments (ACSL6, MXD1) that are characterized by paralogy errors. Taxa with paralogous sequences (red type) cluster in each gene tree. For MXD1, there also is a homology error in exon 4 of Loxodonta (African elephant; blue) that results in a long terminal branch for this species. In (e), partitioned likelihood support for Otariidae + Phocidae shows extreme values for ACSL6 and MXD1 (red bars) relative to the more widespread but moderate support for the traditional clade, Otariidae + Odobenidae, among many loci (green bars). Paintings by Carl Buell. See online version for full colors.
problems with alignment of clearly nonhomologous elements (e.g., different exons aligned to each other, introns aligned to exons, paralogs aligned to each other, contaminants, editing errors) present and common as in prior studies of mammalian phylogeny that are based on OrthoMaM sequences (Song et al. 2012; Edwards et al. 2016; Edwards 2016) , or have such errors been reduced or eliminated? Second, what explains the surprising conflicts among coalescence and concatenation analyses that were observed in this study? Some Taphozous   Myotis   ADNP  AGBL5  ATF7IP  BRF1  CLCN3  CREBBP  CREM  CSRP2BP  GAREM  KAT6B  KIAA0100  KIAA1279  MYB  NR4A2  NRP1  PRMT10  TTC14  ZEB1 = 1 log likelihood unit
d) PLS scores

Tadarida Aselliscus
Macaca Procavia Otolemur
Callithrix Sus
Megaderma
Canis
Pan
Pongo
Myotis
Rattus
Felis Mus Bos
Cavia
Loxodonta
Gorilla Table 1 ) show contrasting relationships in the Yangochiroptera subtree of the phylogeny. Bootstrap percentages for RAxML (above) and IQ-TREE (below) are shown at the conflicting internodes. Note that our results for IQ-TREE analysis of the original bat data set are shown; for the same concatenated matrix, Feijoo and Parada (2017) reported an IQ-TREE topology that instead supported Myotis + Tadarida with 89% bootstrap support. In (c), an ML gene tree and partial sequence alignment for the CREM gene are shown. Taxa with paralogous CREB1 sequences (blue type) cluster at the end of a long artifactual branch. For the CREM alignment, exon 8 for some taxa (red type) is aligned against exon 9 of other taxa, which results in another long artifactual branch. In (d), partitioned likelihood support scores for Taphozous + Tadarida (red bars) include an extreme value for CREM relative to more moderate support for the traditional clade, Myotis + Tadarida (green bars). Paintings by Fiona Reid. See online version for full colors.
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phylogenetic relationships contradict extensive published work and garnered strong support in supermatrix trees (Figures 1a and 2a ).
Materials and Methods
Alignments and Gene Trees
We visually inspected all sequence alignments in Feijoo and Parada's (2017) Mammalia (95 genes), Arctoidea (29 genes), and Chiroptera (18 genes) data sets as well as all ML gene trees derived from these data. We reconstructed gene trees with the RAxML (Stamatakis 2006 ) module in Geneious 9.1.7 (Kearse et al. 2012 ) using the GTR + Γ model and rapid bootstrapping (100 pseudoreplicates) plus a search for the best-scoring ML tree option. Suspected homology problems in the protein-coding sequences were investigated by querying regions of dubious homology against whole genome sequences on NCBI. We used Megablast for queries with highly similar sequences (i.e., same species, genus, or family) and BlastN for queries with more divergent sequences (i.e., different families or orders). When the suspicious sequence region from a particular species mapped to a different position in the reference genome relative to sequences from other species in the alignment, we then searched for the correct (one-to-one orthologous) region in the genome of the species that was misaligned. If the correct segment of sequence was recovered, this evidence was used to conclude that the initial error was due to paralogy, misalignment of introns with exons, or alignment of the wrong exons with each other (i.e., exon 1 from one species aligned with exon 2 from other species, which would require an impossible "jump" in the alignment across intron 1).
Supermatrix Analyses with Maximum Likelihood
We performed partitioned maximum likelihood analyses with RAxML 8.2.10 (Stamatakis 2006) on CIPRES (Miller et al. 2010) and IQ-TREE . RAxML analyses allowed each partition to have its own GTR + Γ model of sequence evolution and employed 500 bootstrap pseudo-replications with a search for the optimal tree in the same run. IQ-TREE analyses were performed with default parameters for partition models (Chernomor et al. 2016) , model selection (Kalyaanamoorthy et al. 2017) , and the ultrafast approximation for bootstrapping (Minh et al. 2013 ).
Partitioned Likelihood Support
Partitioned likelihood support scores (Lee and Hugall 2003; Gatesy and Baker 2005; Shen et al. 2017) were determined by optimizing the fit of each gene alignment to the optimal RAxML topology for Feijoo and Parada's (2017) original data ( Figure 1a for Arctoidea, Figure 2a Chiroptera) relative to a topology that is identical except for the conflicting (and traditional) clade (Figure 1b for Arctoidea, Figure 2b for Chiroptera). PAUP* 4.0a (Swofford 2002 ) was used to optimize each data partition onto alternative species trees, and a unique GTR + Γ model was permitted for each gene in the data set.
Results and Discussion
Feijoo and Parada's (2017) Mammalia Data Set
We detected one or more homology errors in ~91% (86/95) of the gene alignments in Feijoo and Parada's (2017) Mammalia data set, and for 35 alignments (37%), these homology errors are associated with topological artifacts, misplacements of the affected taxa, and in some cases, extremely long branches (Supplementary Table S1 ). For several genes, the homology problems are the result of including entire (EPYC) or partial (ACSL6, BRPF1, KAT6B, OSBPL3, SLC4A10, TNKS) sequences from paralogs in the alignments. For the EPYC alignment, Phoca largha (spotted seal) is represented by the paralog OGN instead of EPYC. The seal (P. largha) is sister to a rodent (Ictidomys tridecemlineatus; thirteen-lined ground squirrel) on the corresponding gene tree. Well-established mammalian clades that are disrupted by this specious grouping include Rodentia, Glires, Pinnipedia, Arctoidea, and Carnivora. For ACSL6, P. largha, Pteropus alecto (black flying fox), and Artibeus jamaicensis (Jamaican fruit bat) share a segment of the paralog ACSL1 and form a clade on the associated gene tree. This homology error disrupts support for multiple well-established taxonomic groups (e.g., Pinnipedia, Arctoidea, Carnivora, Chiroptera). Paralogy problems also impact the "TNKS" sequence for P. largha, which instead is an alternating chimera of eight TNKS segments and seven TNKS2 segments (Supplementary  Table S1 ; Supplementary Figure S1 ). Further, some of the TNKS segments from this "Phocidae" chimera differ from other phocid TNKS sequences (Leptonychotes weddellii, Neomonachus schauinslandi) and are identical to the odobenid (Odobenus rosmarus) TNKS sequence (Supplementary Figure S1 ). Even though P. largha TNKS is a chimeric sequence with interdigitated contaminated and paralogous segments, the pinnipeds O. rosmarus and P. largha cluster on the TNKS gene tree. In addition to paralogy issues, additional homology problems in the Mammalia data set (wrong exons aligned to each other, introns aligned to exons, contamination of sequences across species) are described in Supplementary Table S1 . These errors are commonly associated with gene trees that show conflicts with wellestablished mammalian clades.
The cross-contamination of Phoca largha TNKS with orthologous sequences from Odobenus rosmarus is a representative example of a more general contamination problem in the Mammalia dataset where we detected 47 instances of identical sequences that impact three pairs of taxa (Supplementary Table S2 ). First, the phyllostomid Artibeus jamaicensis and the vespertilionid Myotis lucifugus (little brown bat) have identical sequences for 11 genes. Second, the pinnipeds O. rosmarus and P. largha share identical sequences for 14 genes. Finally, two species of Pteropus (P. vampyrus, P. alecto) have identical sequences for 22 genes. All three pairs include at least one species for which Feijoo and Parada (2017) assembled gene sequences from NCBI's Sequence Read Archive (SRA). It is possible that orthologous sequences at some loci are identical for the recently diverged Pteropus species, although this is not the case for ASXL2 that we investigated in detail (Table S2 ). Identical sequences are increasingly less likely for pinnipeds (P. largha, O. rosmarus) that diverged ~21 million years ago and for bats (A. jamaicensis, M. lucifugus) that diverged ~56 million years ago (Meredith et al. 2011) . Indeed, these instances of identical sequences appear to have resulted from duplicating O. rosmarus sequences for P. largha, and M. lucifugus sequences for A. jamaicensis (Supplementary Table S2) .
Overall, homology and contamination errors were so extensive in Feijoo and Parada's (2017) Mammalia data that we made no attempt to correct these various problems. Given the magnitude of errors in this data set (Supplementary Tables S1 and S2) , which was constructed to address some of the most challenging parts of the mammalian tree, Feijoo and Parada's (2017) phylogenomic results should be treated with extreme caution. alignment of exons to introns, and/or paralogy problems (Table 1) . Among these are six genes (ACSL6, CREBBP, GUCY1B3, MXD1, OSBPL3, PSL3) with errors that impact one or more pinnipeds. Most notable among these problems are paralogous sequences in the ACSL6 and MXD1 alignments (Figure 1c and d) . For ACSL6, sequences for Phoca largha (Phocidae), Arctocephalus gazella (Antarctic fur seal, Otariidae), and Ursus maritimus (polar bear) are instead from the paralog ACSL1. These three taxa cluster together on the "ACSL6" gene tree; the paralogy error yields a large set of "pseudo-synapomorphies" for this unconventional clade (Figure 1c ). In the MXD1 alignment, the pinnipeds P. largha and A. gazella are represented by sequences from the paralog MXI1. Not surprisingly, the phocid P. largha and the otariid A. gazella cluster together on the "MXD1" gene tree at the end of another extremely long stem branch (0.9759 substitutions/site) (Figure 1d ). These paralogy problems in ACSL6 and MXD1, along with additional homology errors that are detailed in Table 1 , provide a possible explanation for the unexpected sister relationship between Phocidae and Otariidae to the exclusion of Odobenidae based on both ML and Bayesian concatenation methods (Figure 1a ).
To test this hypothesis, we first calculated partitioned likelihood support (PLS) scores at the controversial Phocidae + Otariidae node (Lee and Hugall 2004; Gatesy and Baker 2005; Shen et al. 2017) . The PLS analysis revealed extreme outlier values for the two genes with paralogy problems within Pinnipedia. Support for the unconventional clade is almost wholly concentrated in ACSL6 and MXD1 (Figure 2e) . We then corrected all of the homology problems that we detected in the Arctoidea data set (Table 1) by either 1) substituting sequences to correct homology errors or 2) deleting nonhomologous sequences when appropriate orthologous regions were not available at online databases. All of our modifications to Feijoo and Parada's (2017) original Arctoidea alignments are listed in Table 1 . Figure 1b shows the RAxML tree that resulted from analyzing the corrected supermatrix for Arctoidea. By contrast with a RAxML analysis of the uncorrected supermatrix ( Figure 1A ) and Feijoo and Parada's (2017) supermatrix analyses that robustly support Otariidae + Phocidae (100% bootstrap for IQ-TREE and RAxML; 1.0 posterior probability for BEAST2), RAxML analysis of the corrected Arctoidea concatenation provides 100% bootstrap support for a sister-group relationship between Otariidae and Odobenidae (Otaroidea). This result agrees with numerous studies that are based on multigene data sets (Flynn et al. 2005; Arnason et al. 2006; Fulton and Strobeck 2006; Meredith et al. 2011; Emerling et al. 2015; Foley et al. 2016) , indels (Luan et al. 2013) , and retroposon insertions (Doronina et al. 2015) . Feijoo and Parada (2017) attributed the Otariidae + Phocidae result to defects of concatenation, but this misleading result is not the fault of concatenation and instead is a direct consequence of two paralogy errors in the Arctoidea matrix (Figures  1c-d) . Indeed, by fixing just two alignments (ACSL6 and MXD1) from Feijoo and Parada's (2017) original data set and rerunning ML concatenated searches, Otaroidea is robustly supported (100% bootstrap). In addition to differences in topology and support, note that some branch lengths are doubled (Otariidae is 2.0× longer) or almost tripled (Phocidae is 2.8× longer) for the ML species tree based on alignments with homology errors (Figure 1a ) relative to the ML tree based on the corrected data set (Figure 1b) . Branch length For exon numbering, we assigned exon 1 to the most 5' exon in each of Feijoo and Parada's (2017) alignments and numbered the remaining 3' exons in consecutive order following exon 1. Exon boundaries in Feijoo and Parada's (2017) alignments were determined by BLAST searches with their Homo sapiens protein-coding sequences against the H. sapiens reference genome. Candidate homology errors in Feijoo and Parada's (2017) Arctoidea data set were initially identified based on visual inspection of alignments in Geneious. When putative homology problems were identified, we then performed BLAST searches to determine if one-to-one orthologous segments are present in available genomic resources for the affected taxon but were missed because of annotation errors/assembly problems. For BLAST searches, we used query sequences from closely related taxa without the homology problem and BLASTed the genome(s) of target taxa with the homology problem. Query sequences from taxa without the homology problem included multiple contiguous exons, including the correct sequence for the exon(s) that was putatively misidentified in the target taxon plus adjacent exons in the same gene. Application of this protocol allowed us to determine if oneto-one orthologs (entire genes or missing exons thereof) are present in the correct genomic position in taxa with candidate homology problems. When candidate one-to-one orthologs were recovered in target taxa with homology problems, these candidate orthologs were then used as BLAST query sequences to determine if the highest BLAST hits were from the expected ortholog. We also used BLAST searches to confirm the identities of all paralogous genes and segments thereof. For example, Feijoo and Parada's (2017) putative sequence for Phoca largha ACSL6 is 99% similar with 100% query coverage to ACSL1 in two annotated phocids with genome sequences (Leptonychotes weddellii, Neomonachus schauinslandi), but only 72% similar with 92% query coverage to ACSL6 in these same two phocids. Based on the results of following our protocols for confirming homology problems and finding one-to-one orthologs, we replaced nonhomologous sequences with one-to-one orthologs prior to concatenating these alignments into a supermatrix for partitioned RAxML concatenation analysis and re-estimation of ML gene trees. A detailed summary of our corrections to Feijoo and Parada's (2017) Arctoidea matrix, including accession numbers of sequences that were employed to correct homology errors, is provided above. distortions due to homology errors impact both concatenation and parametric coalescence methods, such as *BEAST, that base divergence times between species on the amount of divergence between assumed orthologous sequences (Heled and Drummond 2010) .
Feijoo and Parada's (2017) Chiroptera Data Set
Like the Mammalia and Arctoidea data sets, Feijoo and Parada's (2017) Chiroptera data set for 42 taxa is replete with homology errors (Table 2 ). Ten of the 18 genes (56%) show homology problems including paralogous sequences, alignments of different exons to each other, cross-contamination of sequences between species, and extensive missing data (~74.5% of the Chiroptera data set is coded as missing for at least 37 taxa). For each of the ten problematic alignments, taxa impacted by homology errors are misplaced in associated gene trees, including multiple cases where the monophyly of Chiroptera is disrupted (Table 2; Figure 2c ). The alignment for CREM is especially problematic. The only region with more than four taxa (positions 889-1035) aligns exon 8 of CREM (three bat species), exon 9 of CREM (nine bat species), and paralogous sequences from CREB1 (two bats) against each other. Likelihood analysis predictably yields a gene tree with polyphyly of Chiroptera and several extremely long internal branches that correspond with the homology errors (Figure 2c ). Partitioned likelihood support scores record uneven support among the 18 genes in the Chiroptera data set for the controversial Taphozous + Tadarida clade, with an extreme outlier PLS score from the tainted CREM alignment (Figure 2d) . By fixing the CREM alignment in Feijoo and Parada's (2017) Chiroptera data set and rerunning ML concatenated searches, the traditional association of Tadarida + Myotis is supported.
Following correction of all of the homology errors that we detected in the Chiroptera data set (see footnote of Table 2 ), we executed concatenated ML analyses (IQ-TREE and RAxML) and recovered the Tadarida + Myotis clade with 85-91% bootstrap support (Figure 2b ). Although Feijoo and Parada (2017) For exon numbering, we assigned exon 1 to the 5′ exon in each of Feijoo and Parada's (2017) alignments and numbered the remaining 3' exons in consecutive order following exon 1. Exon boundaries in Feijoo and Parada's (2017) alignments were determined by BLAST searches with their Homo sapiens protein-coding sequences against the H. sapiens reference genome. See Table 1 for procedures that were used to detect and validate homology errors and to find one-to-one orthologs. Based on the results of following this protocol, we replaced nonorthologous sequences with one-to-one orthologs prior to concatenating these alignments into a supermatrix for partitioned RAxML concatenation analysis and re-estimation of ML gene trees. A detailed summary of our corrections to Feijoo and Parada's (2017) Chiroptera matrix, including accession numbers of sequences that were employed to correct homology errors, is provided above. that IQ-TREE analysis of their original bat data set supported the Tadarida + Myotis clade (89% bootstrap), we could not replicate this result. Instead, our IQ-TREE reanalysis of Feijoo and Parada's (2017) original bat data set yielded 91% bootstrap support for Tadarida + Taphozous (Figure 2a ), which closely matches the results of our RAxML analysis for this data set. We therefore reinterpret the conflicts that Feijoo and Parada (2017) noted among different concatenation methods at this node as due to investigator error, not defects of concatenation analysis.
Conclusions
In summary, we have documented extensive homology errors, cross-contamination problems, and irreproducible analytical results in Feijoo and Parada's (2017) phylogenomic study of deep mammalian phylogeny. These errors are reminiscent of the many problems that Springer and Gatesy (2016) detected in an earlier phylogenomic study of mammals that also incorporated proteincoding sequences extracted from an earlier version of OrthoMaM (Song et al. 2012) . OrthoMaM is a valuable resource for compiling individual exons and complete protein-coding sequences from various mammalian species, but systematists should employ strict filtering steps to minimize homology problems in complete proteincoding sequences that are stored in the OrthoMaM database (e.g., see Mason et al. 2016) . Pipeline scripts for extracting sequences from genomic and transcriptomic databases can be useful for assembling very large phylogenomic data sets, but the shear magnitude of data does not excuse systematists from quality control and data filtering. To ensure that homology errors are reduced prior to downstream phylogenetic/evolutionary analyses, visual checking of alignments and gene trees (or at least spot-checking of a sample of alignments and gene trees) is critical to detect glitches in pipeline procedures. Programs such as RF Distances Filter (Simmons et al., 2016) are especially useful for identifying problematic alignments and gene trees that may plague a phylogenomic data set. Prior work has demonstrated convincingly that solutions to difficult phylogenetic problems can be influenced profoundly by the inclusion or exclusion of a single gene in a large data set (Gatesy et al. 1999 (Gatesy et al. , 2017 Brown and Thomson 2017; Shen et al. 2017) , and that in some cases, "outlier" genes that exert a large influence in phylogenomic analyses are characterized by homology errors (e.g., Brown and Thomson 2017; Shen et al. 2017) .
The artifactual Otariidae + Phocidae clade (Figure 1a ) demonstrates that even "easy to resolve" clades such as Otaroidea can be overturned by just a few homology problems. After correcting 11 of the 29 alignments in the Arctoidea data set (Table 1) , 100% bootstrap support for Otariidae + Phocidae (Figure 1a ) was converted to 100% bootstrap support for Otariidae + Odobenidae (Figure 1b) . Correction of paralogy errors in just two genes, ACSL6 and MXD1 (Figure 1c-d) , likewise yielded traditional relationships among pinniped families. A similar pattern was observed for the Chiroptera data set, where a very high PLS score identified an outlier gene (CREM) at the Tadarida + Taphozous node (Figure 2d ). Correction of homology problems for this one gene yielded a more conventional phylogenetic result, as did more thorough corrections of the homology errors in the Chiroptera data set (Figure 2b ). Big data are not immune to homology problems that can distort analyses of challenging phylogenetic problems. Systematic biologists should strive for both accountability and responsibility by scrutinizing sequence alignments, the primary hypotheses of homology that underlie all phylogenetic/evolutionary inferences in the field of molecular systematics.
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